One of the most intriguing trends among the Kepler multi-planet systems is a clear over abundance of planet pairs with period ratios just wide of several mean motion resonances (MMR) and a dearth of systems just narrow and with exact integer ratios corresponding to these MMRs. Traditional planet formation mechanisms such as migration through a gas disk or planet-planet scattering are at odds with these observations. This is also in dramatic contrast to the period ratio distribution of multiplanet systems discovered via radial velocity (RV) surveys, where near-resonant planet pairs tend to pile up near exact integer ratio of orbital periods such as 2: 1, as expected from gas disk migration. Thus, some process during planet formation and their subsequent evolution must preferentially alter low-mass planet orbits, typical of the Kepler planet candidates (KPCs), and remains ineffective for higher mass planets, typical of those detected via RV surveys. We propose that smooth migration in a gas disk traps planets in a MMR. After gas disk dispersal, orbits of these trapped planets are altered through interaction with planetesimals from a residual planetesimal disk. We study the effects of planetesimal disk interactions on resonant planet pairs trapped in 2: 1 MMR using planets of mass typical of the KPCs and explore large ranges for the mass, and surface-density profile of the planetesimal disk. We find that planet-planetesimal disk interactions naturally create the observed asymmetry in period ratio distribution for large ranges of planetesimal disk and planet properties. If the planetesimal disk mass is above a threshold of ∼ 0.2× the planet mass, these interactions typically disrupt MMR. If MMR is disrupted, planets migrate in such a way that the ratio of their final orbital periods is slightly higher than the integer ratio corresponding to the initial MMR. Below this threshold these interactions typically cannot disrupt the resonance and the period ratio remains very close to the initial integer ratio. The threshold naturally explains why the more massive planet pairs found by RV surveys are still in resonance. These interactions can make significant changes in the planets' atmospheric and surface properties, especially for small planets typical of the KPCs, which may be observable in the near future.
INTRODUCTION
NASA's Kepler mission has revolutionized our understanding of planetary systems, their multiplicity, and occurrence rate (Borucki et al. 2010 (Borucki et al. , 2011 Batalha et al. 2013; Burke et al. 2014; Rowe et al. 2014) . Most of the candidates have radii between ∼ R ⊕ to Neptune radius (R Neptune ). Several trends, not all a-priori expected, have emerged among this new class of small (presumably low-mass) planet population. One of the most prominent trends is the existence of extremely compact, well aligned, short period multi-transiting systems (e.g., Fang & Margot 2012; Hansen & Murray 2012 Chiang & Laughlin 2013; Chatterjee & Tan 2014) . Another trend is that although the spacings between planet pairs among most KPCs seems random, there is a clear over abundance of pairs just wide of major MMRs including 2: 1, and 3: 2, and a lack of planet pairs just inside of these resonances (Lissauer et al. 2011; Fabrycky et al. 2012) . This feature in the period-ratio distribution in the KPCs is in drastic contrast from that observed in the planet populations discovered via RV surveys (Butler et al. 2006) which consisted much higher mass planets, and shows a clear peak near the 2: 1 MMR.
Smooth gas-disk driven convergent migration is expected to trap planets into MMRs resulting in period ratios that are very close to the exact integer ratios, thought to be responsible for the giant planet MMR pairs (e.g., Lee & Peale 2002; Armitage 2013) . The orbital period ratios of a pair of planets near the j + 1: j MMR usually have small offsets ( 10 −3 ) from the exact integer ratios, ≡ P 2 /P 1 − (j + 1)/j, where P i denotes the orbital period of the i th planet. For example, for a
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2: 1 MMR, = P 2 /P 1 − 2/1. Planet-planet scattering, on the other hand, brings large changes to the orbits of the planet pairs initially trapped into a MMR and likely dramatically increase the relative inclinations of these orbits making multi-transiting configuration impossible (Rasio & Ford 1996; Chatterjee et al. 2008) . Hence, the process responsible must not be as smooth as gas-disk migration and also not as strong as planet-planet scattering. The mechanism responsible for this feature must be fairly common during planetary system formation, as evidenced by the high fraction of near-resonance KPC pairs exhibiting this feature. This process must also be significantly more powerful for low-mass planets compared to the giants where this feature has not been observed. Several theories have been proposed to explain this feature, none devoid of major weaknesses (Lithwick & Wu 2012; Rein 2012; Batygin & Morbidelli 2013; Petrovich et al. 2013) . For example, resonance repulsion in presence of tidal damping (Lithwick & Wu 2012; Batygin & Morbidelli 2013) creates positive , but predicts values that are at least an order of magnitude too small suggesting additional dissipative processes are at play (Lee et al. 2013) . In situ growth of planets via planetesimal accretion (Petrovich et al. 2013 ) assumes unphysical initial conditions since planetesimal accretion naturally results in changes in the semi major axis (a). Gas disk interactions in presence of turbulence may result in positive , but the results are strongly dependent on the strength of such turbulence which is largely uncertain and highly variable.
We propose that gas-disk driven migration traps some planet pairs in MMR with low , as expected from theories. After gas dispersal, these planets interact with planetesimals from a residual disk, expected to be present from the core-accretion paradigm of planet formation. These interactions are stochastic, but of much weaker strength than planet-planet scattering. Past numerical results suggest that planetesimal disk scattering can significantly alter for some specific Kepler systems (Moore et al. 2013) .
We systematically study the effects of planetesimal disk interactions on resonant planet pairs. In particular, we focus on the 2: 1 MMR in this study since the difference in the period ratio distribution between lowmass planets and giant planets is the most dramatic near this MMR. In Section 2 we describe our numerical setup, the explored parameter space, and explain the choices of our initial conditions. In Section 3 we describe our key results. Finally, we discuss the strengths and weaknesses of this process and explain implications that can be observationally tested in Section 4.
NUMERICAL MODELING
We use the hybrid integrator of MERCURY6.2 (Chambers 1999) for all stages of our simulations. In this study we focus on the effects of a planetesimal disk on planet pairs in 2: 1 MMR after gas dispersal. We create the initial conditions in two distinct stages. Stage 1: We create orbital properties for planet pairs in 2: 1 MMR (Section 2.1). Stage 2: We create initial planetesimal disk properties that are dynamically consistent with the resonant planet pair properties (Section 2.2). Each simulation in the final stage uses initial conditions created as above including a pair of resonant planets and a disk of planetesimals (Stage 3; Section 2.3). Below we describe the detailed numerical treatments for each stage of our simulations.
2.1. Stage 1: Trapping planet pairs into 2 : 1 mean motion resonance In this stage our initial properties consist two planets of masses m 1 and m 2 (indices are counted from inside out). The initial semimajor axis for the inner planet is a 1 = 0.5 AU. Initial semimajor axis of the outer planet a 2 is chosen to be 0.02 AU outside the exact period ratio of P 2 /P 1 = 2. Orbital planes of the two planets are aligned initially. We choose other orbital phase angles uniformly from their full ranges. The two planets are evolved using the hybrid integrator. We mimic gas disk damping and convergent migration by applying a forced migration usingȧ 2 = 10 −6 AUyr −1 andė 2 = 10
on the outer planet (Lee & Peale 2002) . The outer planet moves in smoothly and the two orbits get trapped into 2: 1 MMR at t ≈ 2 × 10 4 yr. The trapped planets move further inwards together for another 2 × 10 −4 yr, when theȧ 2 andė 2 terms are switched off. We follow the evolution of the resonant planets till t = 10 5 yr. The left panels in Figure 1 show an example of the evolution of the planetary orbital properties in Stage 1. Initially the resonant angles circulate and the planets are not in resonance. Resonant angles start liberating as the planets are trapped into 2: 1 MMR. The value of steadily decreases and reaches a small value 10 −3 . At the end of Stage 1 we note the orbital properties of the planet pair and thus initial orbital properties for a resonant planet pair are created.
2.2.
Stage 2: Creation of dynamically consistent planetesimal disk properties We first choose a disk described by a simple power-law of the form dΣ/da = a α . We ascertain that the disk edges are sufficiently far from the planets to avoid unpredictable edge effects by setting the inner disk edge at 0.01 AU interior to the a value for 1: 3 period ratio with the inner planet. Similarly, we set the outer edge of the disk at 0.01 AU exterior to the a value for the 3: 1 period ratio with the outer planet orbit. The planetesimal positions are selected consistent with the power-law profile. The planetesimal eccentricities are drawn uniformly in the range 0 and 0.1. The initial orbital inclinations are drawn randomly to vary between −1
• and 1
• . Other orbital phase angles for the planetesimals are chosen randomly in their full ranges.
While a gas disk is present, it can damp dynamical excitations in the planetesimal orbits caused by the resonant planets. However, planetesimal orbits that are unstable on very short timescales will still be disrupted due to strong gravitational interactions with the planets (e.g., Matsumura et al. 2010) . As the system emerges out of the gas disk, the planetesimal disk will not remain a pure power-law, but will have features such as a decrease in density near the planets that perturb the initial powerlaw and resonance features.
We model the planetary perturbations to the planetesimal disk surface density profiles in the following way. We collect final orbital properties of the resonant planet pairs created in Stage 1. We evolve these planets with Top panels show the evolution of the semimajor axes (solid), pericenter and apocenter distances (dashed). The middle panels show the evolution of three resonant angles for 2: 1 resonance. The bottom panels show the evolution of = P 2 /P 1 − 2/1. Left panels: The evolution of planet pairs during Stage 1 (Section 2.1). The resonant angles are initially circulating indicating non-resonance. These angles start librating when convergent migration traps the two orbits in 2: 1 MMR. Orbital eccentricities increase due to resonance trapping. The offset steadily decreases until it reaches ∼ 10 −3 . Right panels: The evolution of the same resonant planets in presence of a planetesimal disk. Planets interact with the planetesimals. Orbital eccentricities are damped. Initially, changes chaotically due to individual planet-planetesimal interactions. After several such interactions the overall perturbations disrupt the resonance indicated by recirculation of the resonant angles, in this example, at t 1 ∼ 5 × 10 3 yr. Once the resonance is disrupted, approaches ≈ 0.1. a swath of planetesimals with properties obtained using a particular value of α and disk edges as described above for 100 yr. At this stage we treat all planetesimals as test particles, the planets can dynamically alter the planetesimal orbits, but the planetesimals cannot change planet properties. After t = 100 yr we stop the integrations and collect orbital properties of the surviving planetesimals. We create a large database of N ∼ 10 5 surviving planetesimal orbits for each α and each combination of m 1 and m 2 . The database will not include planetesimals on orbits that rapidly become unstable, for example, via physical collisions with the planets. However, if planetesimals can survive in specific orbital configurations, such as 1: 1 resonance, horse-shoe or tadpole orbits, then such orbits will be naturally populated among the orbital database of surviving planetesimals. Hence, at the end of Stage 2, a database of planetesimal orbits is created that is dynamically consistent for each combination of resonant planet pair mass and initial planetesimal disk surface density profile (e.g., Figure 2) . The integration stopping time of 100 yr in Stage 2 is somewhat arbitrary since it is hard to predict the stabilizing effect of the gas disk and exactly which planetesimals will be unstable even while the gas is present. We choose 100 yr since this allows us to remove planetesimal orbits unless they are stable for 3 × 10 2 orbits of the inner planets. Thus further interactions at orbital timescales are not expected. Integrating longer would simply remove more planetesimal to affect the planetesimal distribution without changing the overall qualitative results as long as there are enough planetesimals in the disk to interact with the planets at the end of this stage.
2.3. Stage 3: Evolution of trapped planet pairs in presence of a massive planetesimal disk This is the main stage of our study where simulations follow the evolution of planet pairs in resonance embedded in a dynamically consistent planetesimal disk. We randomly choose N pl = 2 × 10 3 planetesimal orbits from the orbital databases we create in Stage 2 for each combination of a resonant planet pair and initial power-law exponent α. We extract the orbital properties for the resonant planet pair at the end of Stage 2. We evolve the planets and planetesimals together. Now, the planetesimals are treated as pseudo-test particles, such that planetesimals interact with the planets, but they do not in- teract between themselves. This approximation reduces the computational cost and is not expected to change our results significantly. All planetesimals are of equal mass in each simulated model. The mass of each planetesimal is set to achieve the desired ratio between the total planetesimal disk mass (m d ) and the total planet mass (m p = m 1 + m 2 ). We stop our integrations at t 1 = 10
5 yr. We have tested that longer integrations and integrations with larger N pl (at fixed m d ) do not alter the results in a statistically significant way. At the end of the integrations we retrieve the orbital properties of the planets and all planetesimals. We study the evolution of orbital properties of the initially resonant planets including and the resonant angles.
Exploration of Parameter Space
We restrict our study to the 2: 1 MMR since -values for Kepler systems show the strongest difference from RV-discovered systems near period ratio of 2, primarily due to a large number of discovered giant planet pairs near period ratio of 2. We choose the planet masses in the following way. 3 pseudo-test particles) of models.
2.5. Number of planetesimals The choice of N pl in Stage 3 is somewhat arbitrary and guided by the following consideration. In this study we test whether the cumulative effect of many small perturbations from several planetesimals can eventually disrupt 2: 1 resonance between a pair of planetary orbits, and leave them close to the initial period commensurability with ∼ 0.01 to 0.2. Hence, it is essential to ensure that the perturbation caused by an individual planetplanetesimal interaction is sufficiently small and cannot disrupt the resonance. For a given m d /m p the higher the N pl , the smoother the evolution. However, the computational cost scales as ∼ N pl for the pseudo test-particles. Combined with the requirement of small timesteps (we use 1 day) to increase accuracy and a sufficiently long integration time, making N pl very large is computationally impractical. Fortunately, analytical considerations from resonance theory can guide us to determine a sufficient value of N pl while keeping the computational costs reasonable.
We require that the maximum possible fractional change δa/a to a planet's orbit caused by dynamical interaction with a single planetesimal is lower than the resonance width ∆a/a of the MMR. The libration width |∆a/a| for 2: 1 MMR in the restricted three-body case is
where m p and m are the planet mass and the star mass, respectively (Murray & Dermott 1999) . The maximum change in δa/a from a single planet-planetesimal interaction is
where m pl is the mass of the planetesimal. Hence, our requirement is satisfied if
Using our model assumptions of m = 1 M , m p = 5 × 10 −5 M , and for equal mass planetesimals, the above condition is equivalent to N pl 5 × 10 2 . Numerical tests of Stage 3 simulations using varying N pl verify that any N pl 5 × 10 2 gives statistically indistinguishable results, and N pl ∼ 10 3 makes the evolution fairly smooth. Hence, the choice of N pl = 2 × 10 3 in our models is adequately high for our purposes for the parameter space we explore in this study. Using N pl = 2 × 10 3 and by treating them as pseudo-test particles, simulations in Stage 3 took a total of ∼ 5 × 10 5 CPU hours to complete.
RESULTS
Scattering and accretion of the planetesimals perturb the planetary orbits stochastically (see Figure 1 , Right Panels for an example). Initially, changes chaotically due to individual planet-planetesimal interactions. No single interaction is strong enough to break the resonance. These interactions, predominantly physical collisions between planetesimals and planets for the considered parameter space, damps the eccentricities of both planets. After sufficiently large number of interactions the overall perturbations disrupt the resonance indicated by recirculation of the resonance angles. Once the resonance is disrupted, further interactions steadily increases until there are insufficient planetesimals left in the disk that can interact with the planets (e.g., Figure 2 ). Then reaches a steady value, ∼ 0.1 in this example ( Figure  1 ).
The quantitative results including when the resonance is broken and the final value of vary from model to model. However, the qualitative nature of the evolution for the planetary orbits remains the same for all m 1 /m 2 , α, and m d /m p we consider. For all models with a sufficiently massive initial planetesimal disk, m d /m p 0.2, the resonance is typically broken and grows and attains large positive values for all α (Figure 3) . These results indicate that the observed asymmetry in thedistribution for near-resonance planet pairs in the Kepler data, namely, an overabundance of planet pairs just wide of the 2: 1 and 3 : 2 MMRs and a dearth of systems narrow of them, is a natural outcome of interactions between resonant planet pairs and planetesimals from a planetesimal disk with a wide range of density profiles.
The shape of the final distribution depends on the disk profile (Figure 3) . A flatter disk profile tends to create larger values overall. The extreme positive and negative α models result in very similar distributions for the final values. For a given m d /m p value, a larger number of planetesimals are located close to the planetary orbits compared to steeper disk profiles because of our numerical setup that ensures that the disk edges are always sufficiently far from the planetary orbits (Section 2.2). Figure 4 shows the dependence of the final on m d /m p . The quartiles (25%, 50%, and 75%) for the final distributions increase almost linearly with increasing m d /m p (Top-Left). For m d /m p 0.2, the resonance is typically not disrupted and remains small (∼ 10 −3 ). The critical value for m d /m p to break the 2: 1 resonance and drive up depends on α because the number of planetesimals close enough to interact with the planets depends on α. For example, for models with α = −2.5 all quartiles for thedistribution remains small for m d /m p 0.5. The slope of the increase of the quartiles with respect to m d /m p also stays relatively low. For another steep disk profile α = 2.5 the results are quite similar, and show only a small difference in the exact value of the critical m d /m p for resonance disruption and a modest increase of the slope. In contrast, for a flat disk profile α = 0 we find that the critical m d /m p value reduces significantly and the quartiles of the distribution shows a much steeper slope. These differences largely originate from the difference in the number of planetesimals close enough to interact with the planet pairs depending on α. Due to our setup a large number of planetesimals, especially for the relatively steeper disk profiles, do not suffer any strong interactions with the planets. Thus, the critical value for m d /m p remains dependent, on the initial power law profile and the locations of the disk edges relative to the planetary orbits.
A less ambiguous and more dynamically informative quantity is the total mass of planetesimals that had a strong interaction with the planets. In all our models we find that by far the dominant outcome of a strong interaction in these systems is a physical collision between the planetesimal and one of the planets. Hence, we use the total mass of planetesimals that collide with the planets (m coll ) as a proxy for the total mass of the dynamically important planetesimals in these systems. The quartiles for the final -distributions increase almost linearly with increasing m coll /m p , similar to what we see in the case of m d /m p (Figure 5 ). However, we find that the slopes for the quartiles of distributions with respect to m coll /m p do not vary as much with changing α as was seen for m d /m p .
Several key factors related to the inherent nature of this process are apparent from the dependence of on m coll /m p . Each planet-planetesimal interaction results in a small change in a, δa < ∆a, the resonance width. The qualitative behavior of each random interaction between a planetesimal and one of the planets is similar to a random walk (bottom right panel, Figure 1 ) with step size δa. In this picture, higher m coll /m p means larger number of steps. If m coll /m p is not sufficiently high, these random steps are unlikely to drive the planets out of resonance. For a sufficiently large m coll /m p , the cumulative effect of several interactions may result in a overall change > ∆a disrupting the resonance. Afterwards, planets migrate further apart since they are able to interact with more planetesimals near their new positions. The inherent probabilistic nature of this process is manifested by the fact that for any given m coll /m p , can attain a range of final values. Even when m coll /m p is sufficiently high, resonance may not be disrupted and may not grow significantly in some small number of systems. Nevertheless, increase in m coll /m p increases the probability of disruption of resonance and growth of .
Our results show that for 2: 1 MMR and for planetary masses typical of the Kepler systems, the threshold for resonance disruption and growth of is m coll /m p ≈ 0.008 ( Figure 5 ). If the total mass of accreted planetesimals is lower than this critical value, then there is little chance for growth of . The existence of this threshold naturally explains why the positive ∼ 0.01-0.2 are seen only among much smaller, hence less massive Kepler systems. The total mass in planetesimals after gas dispersal is not enough to disrupt resonances between the more massive RV-discovered planets. Even if giant and small planets, both get trapped in the same MMRs during the gas-disk dominated evolution, planetesimal interactions produce significant > 0 only for low-mass planets.
As mentioned earlier, due to the probabilistic nature of this process, resonance is not disrupted in some models. In these cases values remain small ∼ 10 −3 . Moreover, in such cases, planet pairs can attain both positive and negative values. Negative values are always small | | ∼ 10 −3 ( Figure 5 ) and are only seen in systems where the initial resonance is not disrupted.
Our results indicate that the near-resonant planet pairs in the Kepler data can provide hitherto unprecedented constraints on the structure and mass of the exoplanetesimal disks as the system emerges from the gas disk. For many systems with a pair of near-resonant planets, planet masses can be measured using analysis of transit time variations (e.g., Ford et al. 2012; Steffen et al. 2013; Mazeh et al. 2013; Hadden & Lithwick 2014; Xie 2014) . Observational constraints on the planet masses and for a particular system can lead to constraints on the total mass and the surface density profile of the planetesimal disk when the gas dissipated, assuming that the is generated via planet-planetesimal-disk interactions using, e.g., Figure 6 . For example, to create the observed = 0.18 for the Kepler-18bc system, 0.02 ≤ m coll /m p ≤ 0.14 is required for a reasonable range −2.5 ≤ α ≤ 1. Disks with steeper density profiles show a smaller range in m coll /m p to produce the same observed ( Figure 6 ) compared to flatter disk profiles.
DISCUSSION
In this study we propose a mechanism that can naturally change orbits of planet pairs initially trapped in a MMR and create ∼ 0.01-0.2 (Figure 1) , typical of the observed KPC pairs near major MMRs (Lissauer et al. 2011; Fabrycky et al. 2012) . The core accretion paradigm of planet formation predicts formation of large number of planetesimals that could not grow enough to become planets in addition of several planets in a planetary system. Planetesimal disks are also seen in the Solar system. Planet formation theories also predict trapping of planet pairs via smooth gas-disk driven migration. Hence, our adopted initial setup of resonant planet pairs close to planetesimal disks after gas dispersal is expected to be common based on the predictions of standard planet formation theories. We find that interactions between resonant planet pairs and planetesimals in a planetesimal disk naturally creates large positive if the total mass of accreted planetesimals is sufficiently high (Figure 5 ). These interactions also naturally produce the observed asymmetry in the distribution in the Kepler systems for large ranges in α (Figure 3) . The existence of a critical value of m coll /m p ( Figure 5 ) for resonance disruption and growth of also explains why this asymmetry is only observed in Kepler systems that are typically less massive compared to the RV-discovered systems.
The high frequency of large-, near-resonant Kepler systems indicates that planet-planetesimal interactions after gas-disk dissipation is an important evolutionary stage for all small planets independent of their proximity to a resonance. Collisions of planetesimals of total mass ∼ few percent of the planet mass is often needed for the observed high values of for Kepler-discovered near-resonance planet pairs. These collisions will affect the planets atmospheric properties and compositions especially for the typically thin atmospheres on lowmass planets. These collisions could create an anomalous mass-radius relationship for near-resonant low-mass planets. Therefore, we encourage detailed modeling of the effects of planetesimal collisions on the atmospheric properties of these planets, especially for pairs with large observed values. 
